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The  Effects  Of  Finite  Scattering  Area  On 
The  Biatatic  Normalized  Cross  Section 
For  A  Two-Dimensional  Rough  Surface 


1.  INTRODUCTION 

High-range-resolution  radars  illuminate  a  small  patch  of  ground  in  the  range  dimension. 
This  smaller  clutter  patch  can  reduce  the  total  radar  clutter  and  therefore  make  target  detection 
easier,  so  long  as  the  characteristics  of  the  clutter  are  unchanged.  However,  many  of  the 
assumptions  of  how  clutter  will  behave  in  a  radar  system  assume  the  clutter  cell  is  infinite 
compared  to  the  separation  of  the  scattering  elements.  When  the  dimensions  of  the  cell  shrink  to 
just  a  few  correlation  lengths  of  the  roughness,  the  characteristics  of  the  clutter  are  no  longer  well 
known. 

Previous  reports  by  Papa  and  Woodworth1  and  by  Sharpe2-3  have  considered  finite  cell  size 
scattering  from  a  one  -dimensionally  rough  surface.  These  reports  suggest  that  the  cell  size  can 
have  a  significant  effect  on  the  scattering  statistics.  In  this  report,  the  normalized  clutter  cross 
section  of  two-dimensionally  rough  surfaces  is  examined  for  finite  cell  sizes.  The  two-dimensional 
case  is  more  involved  than  one-dimensional  scattering  because  off-axis  scattering  and 
depolarization  of  the  scattered  wave  must  be  taken  into  account. 

In  this  report,  the  calculated  mean  values  of  the  co-polarized  and  cross  polarized  normalized 
cross  section  o°.  for  finite  cell  sizes,  are  determined  as  a  function  of  scattering  configuration.  The 
effect  of  varying  the  cross  range  dimension  of  the  clutter  cell,  the  wavelength  of  the  incident  field, 
and  the  rms  height  of  the  rough  surface  are  also  studied.  The  results  are  then  compared  to  o° 
values  for  the  one-dimensional  finite  cell  model  and  for  the  infinite  cell  size  scattering  analyses. 
Since  surface  dielectric  constant  cr  does  not  affect  the  finite  cell  size  effects,  the  results  are  given 
for  a  perfectly  conducting  surface.  The  effect  of  er  is  Just  multiplicative.  However.  er  will  affect 
the  angular  dependence  of  the  mean  normalized  cross  section. 


(Rocaivod  for  publication  28  August  1992) 
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2.  THEORETICAL  DEVELOPMENT 


The  normalized  cross  section  of  a  rough  surface  Is  given  by: 


_o  _  ton 
°  =  R~*~ 


4 


Ac 


E, 


(1) 


E{  is  the  field  incident  upon  the  rough  surface  and  Es  Is  the  scattered  field.  Because  Es  is  the 
field  scattered  by  a  random  surface.  It  must  be  described  statistically.  The  symbol  <•>  denotes  an 
ensemble  average  over  the  variables  £i  and  ^2<  which  are  the  random  surface  heights  at  two 
points.  xt  and  X;*  on  the  surface,  and  |ij  and  \^,  which  are  the  surface  slopes  at  these  points.  A  = 
LjjLy  is  the  area  of  the  clutter  cell  where  L*  Is  the  range  dimension  and  Ly  is  the  azimuth 
dimension.  Rq  Is  the  distance  from  the  surface  to  the  point  at  which  Es  is  measured.  This 
distance  must  be  large.  The  surface  geometry  Is  shown  in  Figure  1. 

The  scattered  field.  Es  Is  found  by  solving  the  Helmholtz  integral  equation  In  the  far  field: 


(2) 


elkR.-di.r 

where  'V  - -  Is  the  spherical  Green's  function  with  k,  being  the  wave  vector  of  the 

R 

scattered  field.  E  is  once  again  the  total  field  on  the  surface  given  by  E  =  (1 +  /?)£,  where  R  is 
the  Fresnel  reflection  coefficient  of  the  surface.  The  normal  to  the  surface,  n.  is  given  by: 


(3) 


Figure  2  Illustrates  the  scattering  geometry  with  the  various  parameters  defined.  For  the 
perfectly  conducting  surface  used  here  R  -  ±1  and  one  obtains  the  expression  for  the  scattered 
field  as: 

Es  - F  [  f  e^'dxdy  (4) 

4xR„  JJ 


„  n  „  (l + cos0|Cos8,  -  sine,slnescos4s ) 
F  =  2  R  ■■  —  ■  ^ 

cose, + cose. 


where: 


0  =  fc[(sine,  -  sinescos$s)x  -  slne,sln$,y  -  (cose,  +  cos6s)z] 
r  =  xfc0  +  yy0+C(x.y)20 
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The  incident  field  is  a  plane  wave  given  by: 


E(  =  e 

The  ratio  of  the  scattered  field  to  the  incident  field  is  then  given  by: 


(5) 


LA  '-A 


E-  f  fe^'dxdy  = 

-t./  -L. 
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e^"’1  cbcdy 
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kA~L‘A 

The  expression  for  o°  can  then  be  written  as: 

°°  =  JJJ  / e‘(u-''-+l,-t*)[x2  -  ZiZi l^dxjdy^ 


(7) 


where: 


tx=|x,-X2| 

Xs/ =|yi -y2| 


e 


-r 


I  =  ovz  =  Rayleigh  roughness  parameter 
Z2  =  =  expi-1%62  (1  -  C)) 

C  =  e^' 
t  =  /5T^ 

This  fourfold  integral  can  be  further  simplified  by  using  a  change  of  variables  technique3  that 
results  in  the  simplified  expression  for  o°: 


o 


This  allows  us  to  calculate  the  mean  clutter  cross  section  for  rectangular  cell  sizes  of  different 
dimensions  given  by  L*  and  Ly.  The  equation  for  the  variance  of  the  of  the  clutter  cross  section 
for  a  two  dimensionally  rough  surface  is  given  as  an  eight- fold  integral.  Because  of  the  numerical 
complexity  required  to  solve  these  equations,  the  two  dimensional  variance  is  not  included  in  this 
study. 

For  a  two  dimensionally  rough  surface,  off-axis  scattering  will  occur  and  will  result  in 
depolarization  of  the  linear  polarization  state  of  the  incident  wave  upon  reflection  from  the 
surface.  The  value  of  the  clutter  cross  section  given  in  Eq.(8)  is  for  the  polarization  which  results 
in  the  maximum  value  of  the  clutter  cross  section.  In  order  to  determine  the  horizontally  and 


3 


a,  =  1  +  sln0tsin0scos$s  -  cos0<cos0s 
02  =  cos0t  sin0s  +  sin04cos0scos$s 
a3  =  sin0,  cos0s  +  cos0,  sin0s  cos$s 
a4  =  cos8,  +  cos0s 

For  the  perfectly  conducting  surfaces  used  In  this  section  of  the  paper,  =  -1  and  Rjj  =  1. 
This  will  cause  the  values  of  the  co-polarized  components,  (kJ2  and  |/$J2  to  be  identical. 
Similarly,  the  cross  polarized  components,  j/^fand  |fl*|2  are  also  identical.  These  scattering 
matrix  elements  allow  us  to  separate  the  total  scattered  power  Into  the  co-polarized  and  cross 
polarized  components. 
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Figure  1.  Resolution  Cell  and  Scattering  Angle  Definitions 


Scattering  Geometry 


3.  RESULTS 


The  first  major  thrust  shown  in  the  results  is  the  effect  of  cell  size  on  the  mean  normalized 
cross  section  of  surfaces  which  are  rough  in  two  dimensions.  The  area  of  the  clutter  cell  is  A  = 
Lj^Ly  where  Lx  is  the  range  dimension  of  the  cell,  which  is  determined  by  the  pulse  width,  and  Ly 
is  the  azimuth  dimension,  which  is  a  functlor  of  antenna  beamwidth. 

The  first  set  of  figures  examines  trends  in  roughness  and  wavelength  effects  using  surface 
plots  of  the  co- polarized  and  cross  polarized  components  of  o°.  The  dominant  feature  in  the 
patterns  is  the  variation  in  the  o°  values  that  result  in  local  minima. 

Figures  3  and  4  are  for  8j  =  75°.  T  =  1  m,  o  =  0.2  m.  Lx  =  2  m  and  Ly  =  2  m  for  a  wavelength 
of  X  -  0. 1  m.  For  the  co-polarized  component  shown  in  Figure  3  there  is  a  continual  shift  in  the 
location  of  the  polarization  minima  towards  zero  elevation  scattering  angle  as  the  azimuth  angle 
increases.  This  agrees  with  previously  published  results  for  scattering  from  infinite  clutter  cells4. 
In  comparing  the  co-polarized  component  with  the  cross  polarized  component  in  Figure  4.  it  is 
clear  that  at  the  angles  where  there  are  minima  in  the  co-polarized  component,  most  of  the  energy 
is  converted  to  the  cross  polarization.  Figures  5  and  6  are  surface  plots  of  the  co-polarized  and 
cross  polarized  components  of  a0  for  the  same  conditions  with  wavelength  X  =  0.25  m:  0j  =  75°. 
T  =  1  m.  o  =  0.2  m.  Lx  =  2  m  and  Ly  =  2  m.  The  large  X  Implies  that  the  surface  appears  relatively 
smoother.  Figures  7  and  8  have  identical  parameters  to  Figures  5  and  6  except  that  a  =  0.5m. 
This  produces  a  Rayleigh  roughness  parameter  similar  to  the  one  in  Figures  3  and  4.  The  same 
trends  are  seen  in  all  these  cases.  Differences  in  relative  magnitudes  are  due  to  the  wavelength 
dependence  of  the  kernel  of  o°. 

The  null  locations  of  the  co-polarized  component  of  o°  are,  in  general,  functions  of  the 
scattering  geometry  and  the  dielectric  constant.  Because  of  this,  these  locations  should  not 
change  for  a  finite  cell  size.  To  determine  the  location  of  the  nulls  more  closely.  Figures  9  through 
1 1  are  line  plots  of  the  co-polarized  component  of  o°  for  the  same  parameters  given  above.  The 
correlation  length  used  in  these  calculations  was  T  =  1  m.  The  mean  surface  slope,  defined  as 
o/T.  is  then  0.2  for  Figures  9  and  10  and  0.5  for  Figure  11.  In  both  Figures  9  and  10  no  null 
occurs  for  <|»s  =  0°  and  <|>s  =  15°.  For  $s  =  30°.  the  null  is  at  6S  =  70°.  for  <>s  =  45°  the  null  is  at 
0S  =  60°.  <)>s  =  60°  has  the  null  at  0S  =  40°  and  for  <|»s  =  75°  the  null  is  at  0S  =  20°. 

Papa.  Lennon,  and  Taylor4  have  published  bistatic  scattering  results  for  an  infinite  cell 
having  the  same  parameters  used  here.  The  corresponding  expression  for  o°  for  the  infinite  cell 
size  is: 

o°  *  TT  f  'Jo(vxz)[x2  -  XiXl ]xdx 
o 

The  null  locations  for  the  finite  cell  size  agree  quite  closely  with  the  null  locations  given  for 
the  Infinite  cell  size.  For  Figure  11  where  a/T  =  0.5.  very  close  agreement  with  published  results 
of  null  locations  is  once  again  seen.  This  comparison  between  scattering  from  finite  clutter  cells 
show  that  for  the  small  dimensions  used  in  the  analysis,  the  size  of  the  clutter  cell  does  not  affect 
the  location  of  the  polarization  nulls. 
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In  order  to  compare  values  of  o°  obtained  with  the  two  dimensional  finite  cell  size  model  to 
the  physical  optics  model  used  for  the  Infinite  cell  size,  the  size  of  the  finite  cell  was  increased  to 
6  m  x  6  m  and  10  m  x  10  m.  These  results  are  plotted  In  Figures  12  and  13.  In  Figure  14  the 
infinite  cell  size  scattering  is  plotted  using  physical  optics  calculations.  The  trends  of  the  cross 
section  are  very  similar  for  the  Infinite  cell  size  model  and  the  finite  cell  size  model.  The  null 
locations  do  not  change  at  all  for  the  two  models.  The  discrepancy  In  the  values  of  a°  are  most 
significant  for  small  values  of  azimuth  angle  and  the  differences  become  more  pronounced  as  the 
scattering  angle  Increases. 

The  next  area  of  consideration  Is  comparison  with  one  dimensional  results.  Note  that 
depolarization  and  off  axis  scattering  do  not  occur  in  the  one-dlmenslonal  case  so  differences 
should  occur  in  the  results  for  the  two  different  cases.  For  the  one-  dimensional  studies  done 
previously.  Ly  was  zero.  Figure  15  is  a  plot  of  the  ratio  of  o°  for  the  two  dimensional  roughness 
for  small  Ly  to  a0  for  the  one-dimensional  case.  Fairly  good  agreement  is  seen  for  the  two 
models,  particularly  for  moderate  scattering  angles.  For  extreme  back  scatter  and  extreme 
forward  scatter,  however,  the  two-dimensional  case  shows  larger  returns.  This  is  due  to  the  very 
small  number  of  scattering  facets  in  the  one  dimensional  model  that  are  tilted  severely  enough  to 
cause  scattering  at  these  extreme  angles.  Because  these  results  are  for  X  =  0.25  m.  which  is  a 
relatively  long  wavelength,  the  surface  appears  fairly  smooth.  As  the  surface  roughness 
increases,  the  number  of  properly  oriented  facets  will  increase.  In  the  two-dimensional  model, 
however,  there  are  also  off-axis  facets  that  are  tilted  properly  to  contribute  to  the  scattering  in  the 
extreme  forward  and  back  scatter  directions. 

For  an  actual  high  resolution  radar.  L*  will  be  very  small.  However.  Ly  .  which  Is  determined 
by  the  antenna  beam  width,  may  not  be  small.  To  determine  the  effect  of  Ly  on  the  clutter  cross 
section,  small  values  of  L*  were  used  while  Ly  was  increased.  As  Ly  increases.  o°  does  not  show 
any  significant  changes.  Figure  16  plots  o°  for  in-plane  scattering  as  Ly  increases  from  one 
meter  to  10  meters.  The  largest  variation  In  clutter  cross  section  is  just  a  few  tenths  of  a  dB. 
From  these  two  figures  It  is  clear  that  the  one-dlmenslonal  and  the  two-dimensional  model  agree 
quite  closely  except  at  extreme  angles  and  also  that  the  cross  range  dimension  of  the  clutter  cell 
does  not  have  a  significant  effect  on  the  value  of  the  clutter  cross  section. 

Figures  17  and  18  are  plots  of  the  out  of  plane  scattering  for  0j  =  75°,  X  -  0.25  m.  and  o  = 
0.5  m  with  Ly  =  6  m  and  Ly=  10  m,  respectively.  Comparing  them  with  Figure  1 1  where  Ly  =  2 
m.  we  see  that  even  for  off  axis  scattering,  Ly  has  very  little  effect  on  o°  .  The  only  noticeable 
difference  is  seen  at  large  values  of  0S.  and  even  this  difference  is  quite  small. 
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Figure  3.  Co-Polarized  Normalized  Scattering  Cross  Section  as  a  Function  of  Elevation  and  Azimuthal  Angle,  X  *  o.  1  m  and  a  «  0.2  m 
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Cross- Polarized  Normalized  Scattering  Cross  Section  as  a  Function  of  Elevation  and  Azimuthal 


Large  Scale  Scattering 

Co-Polarization 


13 


Co-Polarized  Noonalized  Scattering  Crosa  Section  as  a  Function  of  Elevation  and  Azimuth*!  Angle,  X-(U5-«.o-.ftS- 
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Figure  8.  Cross-Polarized  Normalized  Scattering  Cross  Section  as  a  Function  of  Elevation  and  Azimuthal  Angle,  X  -  0.25  m  and 
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Figure  9.  Co-Polarized  Normalized  Scattering  Cross  Section  as  a  Function  of  Elevation  Scattering  Angle  for  Selected  Azimuthal  Angles,  \  ■  0.1  m  and  a  »  0.5  m 
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Figure  10.  Co-Polarized  Normalized  Scattering  Cross  Section  as  a  Function  of  Elevation  Scattering  Angle  for  Selected  Azimuthal  Angles,  X  =  0.25  m  and  0  *  0.2  m 
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Figure  1 1.  Co-Polarized  Normalized  Scattering  Cross  Section  as  a  Function  of  Elevation  Scattering  Angle  for  Selected  Azimuthal  Angles,  X  =  0.25  m  and  a-  0.5  m 


4.  CONCLUSIONS 


This  report  describes  the  extension  of  the  analysis  of  finite  cell  size  effects  to  the  more 
significant  case  of  bistatic  scattering  at  arbitrary  angles  from  a  surface  with  roughness  that  varies 
in  two  dimensions.  This  introduces  more  complexity  into  the  analysis  than  for  the  earlier  one¬ 
dimensional  studies  both  from  the  range  of  angular  conditions  to  be  considered  and  the  fact  that 
the  effects  of  scattered  signal  depolarization  must  be  included.  In  this  report  we  have  described  a 
number  of  trends  that  can  be  seen  in  the  results. 

Previous  results  for  determining  clutter  power  have  used  a  physical  optics  model  that 
assumes  the  cell  size  is  very  large  relative  to  the  correlation  distance.  To  determine  the  effect  of 
reducing  the  cell  size  on  the  clutter  power,  the  results  for  the  finite  cell  size  and  infinite  cell  size 
were  compared.  The  polarization  nulls  were  found  to  be  unaffected  by  the  size  of  the  clutter  cell. 
This  result  is  not  surprising,  however,  because  the  null  location  is  in  general  a  function  of  the 
scattering  configuration.  The  magnitude  of  o°,  however,  does  depend  on  the  integration  limits 
and  hence  is  affected  by  cell  size.  The  normalized  clutter  power  from  the  smaller  cell  is 
consistently  less  than  for  the  infinite  cell  size,  particularly  in  the  near  forward  scatter  direction. 
The  results  confirmed  that  the  null  locations  in  the  overall  patterns  are  insensitive  to  wavelength 
or  roughness  variations.  The  depolarization  of  the  scattered  wave  shows  that  in  the  regions 
where  the  co  polarized  component  decreases,  the  cross  polarized  component  increases. 

The  next  aspect  of  interest  is  comparisons  with  other  calculations.  The  results  obtained  by 
the  model  given  in  this  report  for  a  two-dimensionally  rough  surface  were  compared  to  results 
given  by  the  simpler  one-dimensionally  rough  surface  model  in  the  limit  as  Ly-> 0.  The  agreement 
between  the  two  models  was  quite  good  except  for  extreme  forward  and  extreme  backscatter 
directions.  The  question  of  how  the  finite  cell  results  matched  those  for  the  infinitely  large  case 
also  showed  that  the  patterns  for  increasing  cell  size  rapidly  approached  the  large  cell  results. 

A  related  result  seen  is  that  increasing  the  cross  range  dimension  of  the  clutter  cell  has  very 
little  effect  on  o°.  This  is  a  significant  result  because  in  high  resolution  radars,  it  is  the  range 
dimension  that  decreases,  while  the  cross  range  dimension  can  remain  quite  large.  It  should  be 
pointed  out  that  the  integral  for  a°  does  depend  on  which  limits  are  varied. 

Finally,  it  should  be  pointed  out  that  the  subject  of  two-dimensional  finite  cell  scattering  is  a 
highly  complex  topic.  This  initial  study  has  related  the  behavior  of  the  scattering  to  a  number  of 
different  sets  of  results  and  has  shown  important  findings  for  high  resolution  radars.  Future 
studies  still  have  to  address  additional  aspects.  The  normalized  clutter  cross  section  of  a  clutter 
cell  with  finite  dimensions  can  be  calculated  by  numerically  solving  a  double  integral.  The 
variance  of  the  clutter  power,  however,  requires  the  solution  of  an  eight  fold  integral  that  is 
numerically  Intensive  and  quite  complicated.  This  will  be  pursued  in  subsequent  efforts. 
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Figure  12.  Co-Polarized  Normalized  Scattering  Cross  Section  Behavior  for  Increased  Cell  Size,  Lx  =  Ly  =  6 
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Figure  13.  Co-Polarized  Normalized  Scattering  Cross  Section  Behavior  for  Increased  Ceil  Size,  Lx  =  Ly  =  1 0  m 
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5.  Comparison  of  Cross  Section  Results  for  One-Dimensional  Model  with  Those  for  Successively  Smaller  Two-Dimensional  Cells 
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Figure  17.  Normalized  Scattering  Cross  Section  Results  at  Selected  Azimuthal  Angles  for  Lx  «  2  m  and  Ly  *  6 
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Figure  18.  Normalized  Scattering  Cross  Section  Results  at  Selected  Azimuthal  Angles  for  Lx  «  2  m  and  Ly  *  10  m 
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